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Nitroreductases reduce nitroaromatic compounds and other oxidants in living 
organisms having interesting implications in environmental and human health. A 
putative nitrobenzoate reductase encoding gen (lp_0050) was recently 
annotated in the completed DNA sequence of lactic acid bacterium 
Lactobacillus plantarum WCFS1 strain. In this research, this L. plantarum gen 
was cloned, expressed and the corresponding protein (PnbA) biochemically 
characterized.  This L. plantarum PnbA reductase is a 216 amino acid residues 
FMN-flavoprotein which exhibits a 23 % identity with Pseudomonas putida and 
Ralpstonia euthropha nitroreductases, and less than 11 % with those from 
enterobacteria such as E. cloacae. This reductase also showed 32-43% identity 
(65-72 % similarity) to predicted PnbA proteins  from other lactic acid bacteria. It 
utilized a wide range of electron acceptors including dichlorophenolindophenol 
(DCPIP), nitroblue tetrazolium (NBT), ferricyanide and quinones (menadione, 
benzoquinone), but not pydinium cations (paraquat and N-methyl-β-
carbolinium), and it was inhibited by dicoumarol and diphenyliodonium. H PLC-
MS and spectroscopic data showed that  it specifically catalyzed the reduction 
of 4-nitroaromatic group to the corresponding hydroxylamino in the presence of 
NAD(P)H.  Kinetics parameters (Vmax and Km) showed a much higher efficiency 
to reduce 2,4-dinitrobenzoate than 4-nitrobenzoate. It was chemoselective for 
reduction of 4-nitrobenzoates being unable to reduce other nitroaromatics. 
Then, L. plantarum PnbA reductase and perhaps similar reductases in other 
lactic bacteria might be more specific than other microbial nitroreductases which 
reduce a wider range of nitroaromatic compounds. The physiological and 
functional role of nitroreductases remain unknown, however their presence in 
 2
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
lactic acid bacteria widely occurring in foods and the human intestinal tract 
should be of further interest. 
 
INTRODUCTION.  
Lactic acid bacteria are common in foods and the mammalian intestine. 
Among them, Lactobacillus plantarum is a versatile lactic acid bacterium 
encountered in a range of environmental niches that has a proven ability to 
survive and can colonize the intestinal tract of human and other mammals (12). 
The complete genome sequence of the L. plantarum WCFS1 has become 
recently available (24), making this bacteria a suitable model to explore the 
molecular mechanisms underlying the targeted intestinal properties of this 
species (12). From its complete genome sequence analysis, a sequence 
(lp_0050) putatively encoding a protein annotated as p-nitrobenzoate reductase 
(PnbA) was found, although it has not been further produced and/or 
characterized. Nitroreductases usually catalyze the reduction of 
nitrocompounds that are cytotoxic and mutagenic (2, 38). Despite their toxicity, 
some bacteria have been found to harbor enzymes for the metabolism of 
nitroaromatics, and they have been considered of great potential application in 
environmental bioremediation, biocatalysis, and as chemotherapeutic agents 
following the bioactivation of prodrugs (4, 45, 47, 52, 54, 55, 57). 
Nitroreductases belong to two main classes: oxygen-insensitive (type I) 
and oxygen-sensitive (type II) (25). The former abounds in bacteria and fungus 
(11), and the latter in mammalian systems. Oxygen-sensitive nitroreductases 
usually catalyze one-electron reduction yielding a nitro anion radical (42) that 
reacts with oxygen to form superoxide radical regenerating the nitro group. In 
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this “futile cycle” pyridine nucleotides are oxidized without net reduction of the 
nitro group. In absence of oxygen further reduction of the nitroaromatic may 
yield nitroso, hydroxylamine and amino derivatives (42). Oxygen-insensitive 
nitroreductases are a family of bacterial FMN-containing enzymes that 
catalyzes the reduction of nitro compounds producing nitroso, hydroxylamino 
and/or amino derivatives  (47, 49, 52). These nitroreductases have been 
studied in a number of bacteria including enterobacteria (e.g. E. coli, S. 
typhymurium, E. cloacae) , Pseudomonas, and Rhodobacter capsulatus (5, 6, 
19, 41, 44, 46, 53, 58), and exhibit varying substrate specificity being able to 
reduce a wide range of nitroaromatics such as nitrophenols, nitrobenzenes and 
nitrobenzoates. So far, the physiological and functional role of microbial 
nitroreductases remain unknown (47),  but it may include: a possible role in 
quinone (or  oxidants) reduction and detoxification (46), oxidative stress (32, 
33), bioluminiscence (28), cobalamin synthesis (43), or even a function 
involving specific degradation pathways of nitrocompounds (20, 45, 47).  
A large number of nitroaromatics are present in the environment because 
of their use in manufacturing processes, as antimicrobial agents or generated 
as by-products of combustion processes. Biodegradation of these compounds 
by using selected microorganisms and nitroreductases can be of great interest 
in biodegradation of environmental pollutants (7, 45, 47). Nitroaromatic 
compounds have also attracted a considerable health concern since their 
metabolization through reductive pathways may lead to formation of potent 
genotoxic and/or mutagenic metabolites (30, 34, 38). Indeed, nitro compounds 
are able to generate reactive nitrogen oxide species which readily react with 
biological molecules (50). Although the metabolic pathways of these 
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compounds are complex, nitroreductases appear to have a central role in their 
bioactivation (11, 14). Thus, enzymatic reduction by nitroreductases gives rise 
to reactive intermediates that can undergo nucleophilic additions with DNA and 
other macromolecules, suggesting a possible mechanism for their cytotoxicity 
(2).  
Lactic acid bacteria occurring in mammalian intestinal microbiota and 
fermented foods might metabolize nitroaromatics having possible  
environmental, health and toxicological implications (12, 44). In this regard, the 
goal of this work was to study the biochemical and functional characteristics of a 
novel Pnb reductase from the lactic acid bacterium, Lactobacillus plantarum 
WCFS1. The gene encoding the PnbA reductase from this bacterium was 
cloned and the recombinant protein overexpressed in Escherichia coli. This 
functional nitroreductase was a FMN flavoenzyme able to reduce several 
electron acceptors, including various quinones but not pyridinum cations, and it 
was selective for the reduction of specific 4-nitroaromatic compounds, exhibiting 
a potent reduction for 4-nitrobenzoate and 2,4-dinitrobenzoate to 4-
hydroxylamine metabolites. Then,  this nitroreductase presents in lactic acid 
bacteria that occur both in foods and intestinal human microflora might play a 
role in the metabolism and reduction of nitroaromatics and oxidants. 
 
MATERIAL AND METHODS 
Chemicals and reagents. FMN, NADPH, NADH dicoumarol, diphenyliodonium 
chloride (DPI),  dichlorophenolindophenol (DCPIP), ferricyanide, nitroblue 
tetrazolium (NBT),  cytochrome C, menadione (2-methyl-1,4-naphtoquinone), 
1,4-benzoquinone,  p-nitrophenyl-β(D)-glucopyranoside and 1,1'-dimethyl-4,4'-
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bipyridinium dichloride hydrate, 4-nitrobenzoic acid,  3-nitrobenzoic acid, 2-
nitrobenzoic acid, 2,4-dinitrophenol, 5-nitroindazole and 2-amino-4-nitrophenol 
were obtained from Sigma-Aldrich, 2,4-dinitrobenzoic acid and nitrobenzene 
were from Fluka, 3,5-dinitrosalicilic acid from Merck, and picric acid from 
Probus. N-methyl-β-carbolinium iodide (2-methyl-9H-pyrido-(3,4-b)-indole) (i.e. 
2-methylnorharmanium and 2-methylharmanium) were synthetized from 
norharman and harman with methyl iodide in acetone (16, 17).  Several 
nitroderivatives such as N-(2-nitrophenyl)-L-proline, N-(2-nitrophenyl)pipecolic 
acid, N-(2,4-dinitrophenyl)glycine, N-(2-nitrophenyl)glycine were obtained as 
previously (9). p-Hydroxylaminobenzoic acid was synthesized from 4-
nitrobenzoic acid by reduction with Zn in presence of ClNH
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4, (3). For that, 17 g 
of 4-nitrobenzoic acid were dissolved in water and sodium hydroxide. After 
addition of 20 g of ammnonium chloride, the mixture was cooled and 15 g of 
zinc dust was added gradually and stirring. After one-half hour stirring the zinc 
sludge was filtered off. To the filtrate hydrochloric acid was added slowly and 
amorphous flakes which separated while the reaction was still neutral, were 
removed by filtration. Upon addition of more hydrochloric acid to the filtrate, 
white needless separated of p-hydroxylaminobenzoic acid that was 
characterized by spectral data.  This compound was used for quantification 
using the corresponding calibration curves.  
 
Bacterial strains, plasmids, and enzymes.  The L. plantarum strain that has 
been completely sequenced, L. plantarum WCFS1 (NCIMB 8826), was used in 
this study. E. coli DH5α was used for all DNA manipulations. E. coli JM109 
(DE3) was used for expression in pURI3 vector (10). L. plantarum strain was 
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grown in MRS medium at 30 ºC without shaking. E. coli strains were cultured in 
Luria-Bertani (LB) medium at 37 ºC and 200 rpm. When required, ampicillin or 
chloramphenicol were added to the medium at a concentration of 100 or 34 
μg/mL, respectively. Chromosomal DNA, plasmid purification, and 
transformation of E. coli were carried out as described elsewhere (48). 
 
 Expression and purification of L. plantarum PnbA. The gene coding for the 
putative p-nitrobenzoate reductase, pnbA (lp_0050) from L. plantarum WCFS1 
has been cloned and overexpressed in pURI3 vector to avoid the enzyme and 
ligation steps during the cloning (10). Expression vector pURI3 was constructed 
based on the commercial expression vector pT7-7 (USB) but containing a 
leader sequence with a six-histidine affinity tag. The pnbA gene was PCR 
amplified with Hot-start Turbo Pfu DNA polymerase by using the primers 321 
(5´- CATCATGGTGACGATGACGATAAGatggaaacaattaaagcgattcaca)  and 322 
(5´- AAGCTTAGTTAGCTATTATGCGTAttagttgataatatgcaaaacttgcgg) (the 
nucleotides pairing the expression vector sequence are indicated in italics, and 
the nucleotides pairing the pnbA gene sequence are written in lowercase 
letters). The 648 pb purified PCR product was inserted into the pURI3 vector by 
using a restriction enzyme- and ligation-free cloning strategy described 
previously (10). E. coli DH5α cells were transformed, recombinant plasmids 
were isolated and those containing the correct insert were identified by 
restriction-enzyme analysis, verified by DNA sequencing, and then transformed 
into E. coli JM109(DE3) (pLysS) cells for expression.  
Cells carrying the recombinant plasmid, pURI3-pnbA, were grown at 37 
ºC in Luria-Bertani media containing ampicillin (100 μg/ml) and chloramphenicol 
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(34 μg/ml), until they reach an optical density at 600 nm of 0.4 and induced by 
adding IPTG (0.4 mM final concentration). After induction, the cells were grown 
at 22 ºC during 20 h and collected by centrifugation. Cells were resuspended in 
20 mM Tris-HCl, pH 8.0, containing 0.1 M NaCl. Crude extracts were prepared 
by French press lysis of the cell suspension (three times at 1100 psi). The 
insoluble fraction of the lysate was removed by centrifugation at 47,000g for 30 
min at 4 ºC. 
The supernatant was filtered through a 0.45 µm filter and applied to a 
His-Trap-FF crude chelating affinity column (Amersham Biosciences) 
equilibrated with 20 mM Tris-HCl, pH 8.0, 100 mM NaCl containing imidazole, to 
improve the interaction specificity in the affinity chromatography step. The 
bound enzyme was eluted by applying a stepwise gradient of imidazole 
concentration, from 20 mM Tris-HCl, pH 8.0, 100 mM NaCl containing 10 mM 
imidazole to the same buffer but containing 500 mM imidazole. Fractions 
containing the His6-tagged protein were pooled and dialysed overnight at 4 ºC 
against 10 mM Tris-HCl, pH 8.0, containing 10 mM NaCl in a membrane (3,500 
cuttoff). The purity of the enzyme was determined by sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE) in Tris-glycine buffer. Protein 
concentration was measured according to the method of Bradford using a 
protein assay kit (Bio-Rad) with bovine serum albumin as standard. 
 
Reductase assays with electron acceptors. Activity of PnbA reductase was 
monitored using several electron acceptors as substrates as follows: a) Reduction 
of dichlorophenolindophenol (DCPIP) was assayed in a reaction mixture 
containing  100 mM phosphate buffer (pH 7.4), 500 μM NADPH, 200 μM DCPIP 
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and PnbA reductase (1-5 μg/ml protein) in a final volume of 0.5 ml. The reaction 
was initiated by the addition of substrate and the rate of DCPIP reduction with 
time was determined (λ= 600 nm; ε= 21.5 mM
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-1 cm-1). Reaction rate was also 
calculated in absence of enzyme or NADPH as controls, and in presence of 
diphenyliodonium (0-10 mM) or dicoumarol (0-500 μM) used as inhibitors. 
Reduction of DCPIP was also used to determinate the activity in presence of 
NADH (500 μM) replacing NADPH as electron donor and to study the optimal 
temperature of reduction after incubating the enzyme for 20 min at different 
temperatures;  b) Reduction of cytochrome C in presence or absence of 
menadione as an electron acceptor was measured using a reaction mixture 
containing  90 mM Tris-HCl buffer (pH 7.4), 500 μM NADPH, menadione (0 or 20 
μM), 0.96 mg/ml of cytochrome C and reductase (1-5 μg/ml protein) in a final 
volume of 0.5 ml. The activity of reductase was started by addition of NADPH and 
the reduction rate of cytochrome C at 550 nm was measured (ε= 21 mM-1 cm-1); c) 
Reduction of ferricyanide was measured by using a mixture containing 90 mM 
phosphate buffer (pH 7.4), 500 μM NADPH, 1mM potassium ferricyanide 
(k3[Fe(CN)6] and reductase enzyme (1-5 μg/ml protein). Reduction of ferricyanide 
was measured at 420 nm (ε= 1020 M-1 cm-1). This assay was also used for 
determination of  optimal pH using buffers adjusted at pHs between 2 and 9; d) 
Reduction of nitroblue tetrazolium (NBT) was monitored in a reaction mixture 
containing 80 mM phosphate buffer (pH 7.4), 500 μM NADPH,  200 μM NBT and 
enzyme (1-5 μg/m protein) in a final volume of 0.5 ml. The reaction was started 
with the addition of substrate and monitored with time at 580 nm (ε= 7 mM-1 cm-1).  
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Reduction of nitroaromatics, quinones and pyridinium cations by L. 
plantarum PnbA reductase. The activity of recombinant PnbA reductase from L. 
plantarum was assayed with different substrates, including a number of 
nitrocompounds, pyridinium cations and quinones by two different methods: 
HPLC-DAD-mass spectrometry and by following the spectrophotometric NADPH 
depletion. Thus, reaction mixtures with a final volume of 0.5 ml containing 
reductase enzyme (usually from 0.25 to 5 μg/ml protein) , NADPH (500 μM) and 
the corresponding substrate (from 0 to 1 mM)  in 100 mM buffer phosphate pH 7.4 
were mixed and incubated at room temperature for 3 min; the reaction stopped 
with the addition of 10% 2N HCl, and subsequently injected into HPLC and HPLC-
MS to quantify and identify metabolites of  L. plantarum reductase and to calculate 
the reaction rates. 4-Nitrobenzoic acid, 2,4-dinitrobenzoic acid, 2-nitrobenzoic 
acid, 4-hidroxylaminobenzoic acid, 2,4-dinitrophenol and 3-nitrobenzoic acid were 
tested as substrates for PnbA reductase.  The corresponding controls without 
reductase and/or NADPH were also carried out. Kinetic values of  K
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m and Vmax 
were determined by non-linear regression analysis fitting to Michaelis-Menten 
curves of reaction rates of p-hidroxylamino products as a function of the 
concentration of nitroaromatic substrates from 0 to 1mM. Enzyme reaction rate 
was calculated as μmoles of hydroxyliamino product/min mg of protein. On the 
other hand, the activity of L. plantarum PnbA reductase was also measured by 
monitoring the decrease in absorbance of NADPH at 340 nm in a 
spectrophotometer for two 2-6 min in presence of various nitrocompounds or 
quinones as substrates. For that, reaction mixtures (0.5 ml) containing reductase 
enzyme (from 1 to 5 μg/ml), NADPH (300 μM) and substrate (50 or 100 μM) in 100 
mM phosphate buffer (pH 7.4) were added to quartz cuvettes. The reaction was 
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started by the addition of substrates and the reduction rate was calculated as the 
μmoles of NADPH oxidized/min  mg of protein.   
 
 Reversed phase HPLC chromatographic analysis. The analysis of enzymatic 
reaction media was performed by RP-HPLC with UV diode array and fluorescence 
detection using a HPLC 1050 (Hewlett Packard) with a 1100 diode array detector 
(DAD) and a 1046A-fluorescence detector.  A 150 mm x 3.9 mm i.d., 4 μm, Nova-
pak C18 column (Waters, Milford, MA, USA) was used for chromatographic 
separation. Chromatographic conditions were: 50 mM ammonium phosphate buffer 
(pH 3) (buffer A) and 20% of A in acetonitrile (buffer B). The gradient was 
programmed from 0% (100% A) to 32% B in 12 min, and 90% B at 15 min. The flow 
rate was 1 ml/min, the column temperature was 40 ºC and the injection volume was 
20 μl. Absorbance detection was set at 280 nm (analysis of 4-hydroxylaminobenzoic 
acid) and 243 nm (analysis of 2-nitro-4-hidroxylaminobenzoic acid). Identification of 
compounds was performed by UV spectra, mass spectrometry and coinjection with 
synthetic standards. For quantification of metabolites, a calibration curve of 
synthetized 4-hidroxylaminobenzoic acid was constructed (0 to 50 μM) whereas for 
quantification of 2-nitro-4-hidroxylaminobenzoic acid, the response factor at 243 nm 
of a calibration curve of 2,4-dinitrobenzoic acid was used because both substrate 
and product exhibited similar spectra.  
 
 Identification by HPLC-ESI-mass spectrometry. To carry out mass 
spectrometric identification, reactions media of L. plantarum PnbA reductase, 
nitroaromatics and NADPH obtained as above were analyzed on a 150 X 2.1 mm 
i.d. Zorbax SB-C18, 5 μm, column (Agilent Technologies) by using a series 1100 
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HPLC-MSD (Hewlett-Packard) (electrospray-positive and negative ion mode). 
Eluent A: acetic acid (0.5%); B: 20 % of A in acetonitrile. Gradient: 100 % A at 0 
min and 60 % B at 20 min and 100 % B at 25 min, flow rate 0.25 ml/min; T: 40 ºC; 
mass range 50-500 amu, flow gas 11 l/min and Tª 330 ºC, and cone voltage 55 V.  
Pressure of nebulizador 40 psi and capilar voltage 4000 V. 
 
Spectrophotometric studies. UV-VIS spectra were recorded with a Beckman 
spectrophotometer. Samples with the purified reductase from L. plantarum were 
placed in quartz cuvettes and spectra were determined in anaerobic conditions, 
before and after the addition of an excess of sodium dithionite (Na2S2O3). The 
same apparatus was used for the determination of enzyme activities based on the 
decrease of NADPH (340 nm) in presence of substrate at room temperature as 
indicated above.    
 
RESULTS 
Cloning, expression and purification of L. plantarum PnbA. The deduced 
product of L. plantarum pnbA is a protein of 216 amino acid residues, 23.9 kDa, 
and pI of 6.65. This protein is included in the nitroreductase Pfam family 
(PF00881) that contains proteins involved in the reduction of nitrogen 
compounds (http://pfam.sanger.ac.uk/family?acc=PF00881). BLAST databases 
searches of the translated L. plantarum DNA sequence showed high-scoring 
similarities (32-43% identity) with putative p-nitrobenzoate reductases (PnbA) 
from the complete sequenced lactic acid bacteria (data not shown), suggesting 
that these enzymes may exhibit similar functional properties in different lactic 
acid bacteria. The predicted sequence of the L. plantarum PnbA was aligned 
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with selected nitrobenzoate reductases which biochemical activity has been 
previously reported (Figure 1). From them, L. plantarum PnbA showed the 
highest overall identity (23%) with that of Pseudomonas putida and Ralstonia 
euthropha. Enterobacter cloacae PnbA showed only an 11% identity to L. 
plantarum protein. Other nitroreductases from enterobacteria such as E. coli 
and S. typhymurium also gave identities lower than 10 %. In contrast, identities 
among nitroreductases from enterobacteria are higher than 80 % (59).  As 
deduced from Figure 1, all these proteins showed some of the residues 
conserved in this family, belonging to the characteristic nitroreductase motif. A 
2-nitroreductase enzyme from Pseudomonas fluorescens (20) not included in 
the alignment was only 3-7% identical to the other nitroreductases, and it did 
not present the conserved residues described for this family. In conclusion, on 
the basis of its amino acid sequence, it could be assumed that PnbA (lp_0050) 
from L. plantarum WCFS1 is a member of the nitroreductase family.  
 
 Functional expression of L. plantarum PnbA. To confirm that the pnbA 
(lp_0050) gene from L. plantarum WCFS1 encodes a functional p-nitrobenzoate 
reductase (PnbA), we expressed this gene in E. coli under the control of the T7 
RNA polymerase-inducible Φ10 promoter. Cell extracts were used to detect the 
presence of hyperproduced proteins by SDS-PAGE analysis. Control cells 
containing the pURI3 vector plasmid alone did not show expression over the 
time course analyzed, whereas expression of an additional protein was 
apparent with cells harboring pURI3-pnbA (Figure 2). The molecular mass of 
the recombinant protein corresponded to that inferred from the nucleotide 
sequence (23.9 KDa). As the gene was cloned containing a purification poly-His 
tag, PnbA was purified on a His-Trap- FF crude chelating column and eluted 
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with a stepwise gradient of imidazole. Highly purified PnbA protein was obtained 
from pURI3-pnbA (Figure 2) and fractions showing activity and usually eluting at 
125 mM imidazole had yellow colour. The presence of the protein band in the 
gel of the elution fractions, correlated well with the occurrence of reductase 
activity using DCPIP (dichlorophenolindophenol) as electron acceptor in 
presence of NAD(P)H.  The presence of the Histag had no apparent effect on 
catalytic activity. Thus, we could conclude that the pnbA (lp_0050) gene 
encoded a functional reductase in L. plantarum WCFS1. The eluted L. 
plantarum nitroreductase was dialyzed to eliminate the imidazole and the 
purified protein was used for its biochemical characterization. 
The purified PnbA reductase from L. plantarum was yellow indicating the 
presence of a bound cofactor and displayed UV-visible absorption spectra 
characteristic of flavin-containing enzymes (Figure 3). Thus, spectra of the 
protein showed two bands (maxima at 366 and 446 nm) resembling an oxidized 
FMN cofactor which is usually present in bacterial nitroreductase whereas this 
profile quickly desappeared after reduction of the flavoenzyme with an excess 
of sodium dithionite as seen by the lost of absorbance at 446 nm and as 
expected for FMN enzymes. The enzyme appeared to lost part of the activity 
and colour with time suggesting that the coenzyme might not be tightly bound to 
the reductase (53). A further incubation of the protein with FMN appeared to 
partly recover activity (not shown).  
 
 Catalytic properties of PnbA reductase from L. plantarum. The catalytic 
properties of PnbA reductase from L. plantarum were studied with a number of 
electron acceptors in presence of NAD(P)H as electron donor (Table 1). 
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Nitroreductase from L. plantarum reduced DCPIP (absorbance at 600 nm) in 
presence of NADPH. It reduced cytochrome C in presence of menadione, 
whereas in the absence of menadione as an electron carrier and acceptor it 
was a poor reductant (7.5 times lower) of cytochrome C, suggesting that this 
enzyme was not a cytochrome P450-like reductase. Moreover, L. plantarum 
PnbA reductase also reduced nitroblue tetrazolium (NBT) to give formazan and 
was able to give electrons to the single electron acceptor ferricynanide. 
Therefore, various types of substrates were electron acceptors of L. plantarum 
PnbA reductase.  As determined for the reduction of DCPIP, the enzyme could 
use both NADPH and NADH as electron donors although using NADPH as 
reductant was 1.8 times more efficient than NADH (500 μM). The optimal pH 
was measured in the range of 2-9 and the best reduction rates (reduction of 
ferricyanide) was achieved in the interval pH 5 and 7 (highest value around pH 
6). The optimal temperature (reduction of DCPIP) was 25 ºC and the activity 
highly decreased after incubating the enzyme at  temperatures higher than 37 
ºC for 20 min. Inhibition studies were carried out with dicoumarol and 
diphenyliodonium, that are inhibitors of quinone reductases and flavoproteins. 
Both compounds inhibited in a dose-dependent manner the PnbA reductase of 
L. plantarum. Dicoumarol inhibited reduction of DCPIP with a IC
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50 of 0.15 mM 
whereas diphenyliodonium (DPI) inhibited it with IC50 of 5.5 mM. Inhibition by 
DPI was expected as it is an inhibitor of flavoproteins (8), whereas inhibition by 
dicoumarol appears to need higher concentrations than those reported for 
NADPH:quinone reductases (18).  
 
As shown in Table 1, several electron acceptors of reductases were good 
substrates of L. plantarum PnbA reductase in presence of NAD(P)H.  
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Subsequently, a number of nitroaromatics, quinones and naturally occurring 
and toxic pyridinium cations were studied as substrates and electron acceptors 
of this nitroreductase. The reduction rate was performed by monitoring the 
decrease of NADPH in presence of the corresponding substrate (Table 2). The 
pyridinium cations, paraquat and 2-methyl-β-carbolinium cations, were not 
reduced significantly by PnbA reductase. However, the quinones, menadione 
and benzoquinone, were good substrates of this enzyme with benzoquinone 
showing five times more activity than menadione. Among a range of 
nitroaromatic compounds containing nitro groups in different positions in the 
benzenic ring, including nitrophenols, nitrobenzene and nitrobenzoic acids, only 
two nitro compounds: 4-nitrobenzoate  and 2,4-dinitrobenzoate were substrates 
of this enzyme as showed by an increased removal of NADPH (340 nm) when 
compared with a control in absence of the nitroaromatic substrate.  The activity 
for reduction of 2,4-dinitrobenzoic acid was 12-fold higher than for 4-
nitrobenzoate, suggesting that the former was a better substrate for L. 
plantarum PnbA reductase. From these results only specific nitro compounds 
could be reduced in presence of NADPH by  PnbA reductase.  
 
 Identification of metabolites in the reaction mixtures by HPLC-MS. In order 
to characterize the reduction products of nitrocompounds, enzymatic reaction 
media containing p-nitrobenzoic acid, NADPH and L. plantarum PnbA 
reductase were studied by HPLC-DAD and MS (electrospray) (Figure 4).  p-
Hydroxylaminobenzoic acid was identified as a major metabolite in the reaction 
media containing p-nitrobenzoic acid as shown by HPLC-MS, with ions at m/z 
154 (M+H)+, 137 (M+1-17) (positivie-ESI) and m/z 152 (M-H)-  (negative-ESI) 
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(Figure 4a). This metabolite coeluted with a synthetic standard of p-
hydroxylaminobenzoic acid and afforded similar absorption spectra (max. at 278 
nm). In the reaction mixtures, a peak of N-nitrosobenzoic acid (negative-ESI) at 
m/z 150 (M-H)
402 
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409 
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411 
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413 
414 
415 
416 
417 
418 
419 
420 
421 
422 
423 
424 
425 
426 
- also appeared, suggesting that it could be an intermediate in the 
reaction. In addition,  traces of p-aminobenzoic acid eluting after the 
corresponding p-hydroxylamine compound (m/z at 136 (M-H)- and 138 (M+H)+ 
in negative and positive ion mode) were detected. This amine product was not 
increased in the reaction media suggesting that it was not a final product of 
PnbA reductase, and it might have appeared from chemical reduction. Indeed, 
no reduction was observed when synthetic p-hydroxylaminobenzoic acid was 
used as substrate of PnbA reductase in presence of NADPH. On the other 
hand,  2,4-dinitrobenzoic acid was also reduced in the reaction media by L. 
plantarum PnbA reductase and a major metabolite was identified by HPLC-MS 
(Figure 4b) as p-hydroxylamino-2-nitrobenzoic acid in ESI-positive at m/z 199 
(M+H)+ and 181,  and  ESI-negative at m/z 197 (M-H)- and 395 (2M-H)-. The 
two substrates in Figure 4 provided ESI-negative at m/z 166 (M-H)-, 122 (M-45) 
( 4-nitrobenzoic acid),  and m/z at 211 (M-H)-, 167 (M-45)- and 423  (2M-1)- 
(2,4-dinitrobenzoic acid).   
In agreement with previous spectrophotometric results (Table 2), no 
reduction was observed by HPLC(DAD)-MS of  2,4-dinitrophenol, 2-nitrobenzoic 
or 3-nitrobenzoic acid, suggesting that PnbA reductase was selective for some 
specific nitrocompounds as electron acceptors and with regard to position of the 
nitro substituent in the benzenic ring. The reduction of nitro in para position 
respective of the carboxylic group was required since 2- or 3-nitrobenzoic acid 
were not reduced by L. plantarum PnbA reductase. As mentioned above 4-
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hydroxylaminebenzoic acid (100 μM) was not reduced to the corresponding 
amine by this reductase in presence of NADPH showing that the hydroxilamine 
was a final product of the catalytic reaction.   
 
Enzyme reduction kinetics of PnbA reductase from L. plantarum. The 
reduction of 4-nitrobenzoic acid in presence of NADPH to give  the 
corresponding hydroxylamine was rapid and linear in the first 10 min of 
incubation. Then, 3 min were subsequently used for kinetic studies by HPLC-
DAD in order to calculate reaction rates and kinetic parameters.  Figure 5 
shows the Michaelis-Menten curves with the experimental reaction rates as a 
function of the concentration of substrate both for 4-nitrobenzoic acid and 2,4-
dinitrobenzoic acid that gave 4-hydroxylaminobenzoic acid and 4-
hidroxylamino-2-nitrobenzoic acid, respectively. Table 3 gives the kinetic values 
of Vmax, Km and the ratio Vmax/Km. The calculated Vmax was 2.3 times higher for 
reduction of 2,4-dinitrobenzoic acid than for 4-nitrobenzoic acid, whereas the Km 
was much lower for 2,4-dinitrobenzoic acid (32-fold) than for 4-nitrobenzoate. 
This suggests a much higher affinity of L. plantarum reductase for 2,4-
dinitrobenzoate than for 4-nitrobenzoate.  Thus, Vmax/Km ratio was much higher 
for 2,4-dinitrobenzoate, indicating a higher suitability of this specific 
nitrocompound for reduction by PnbA reductase. On the other hand, the 
reaction rate to give the p-hydroxylamine derivative from 4-nitrobenzoic acid 
was similar in aerobic and anaerobic conditions (not shown), suggesting that 
this reductase was not highly affected by the oxygen as expected for an 
oxygen-insensitive nitroreductase. By following the elimination of NADPH 
(absorbance) and the corresponding formation of hydroxylamine by HPLC, the 
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stochiometry calculated was about 2 moles of NADPH consumed per mole of 
hydroxylamine.  
 
DISCUSSION 
L. plantarum is a lactic acid bacteria species encountered in a wide range 
of environmental niches and fermented foods, and with ability to survive gastric 
transit and colonize the intestinal tract of human and other mammals (11, 12). In 
this research, the gen (lp_0050) encoding a functional nitrobenzoate reductase 
(Pnb A) from L. plantarum WCFS1 was cloned and expressed.  This gen had 
been previously annotated as a PnbA reductase during its complete DNA 
sequencing (24). In addition, similar proteins annotated as PnbA reductases 
were found in the complete genomes of several lactic acid bacteria belonging to 
the Lactobacillus genera (L. sakei, L. gasseri, L. reuteri, L. rhamnosus, L. 
jhonsonii and L. delbrueckii) as well as Lactococcus (L. lactis) and Pediococcus 
(P. pensosaceus) genera (11, 35). However, none of these putative reductases 
had been previously cloned and/or biochemically characterized. The amino acid 
sequence of the PnbA reductase from L. plantarum showed a 23 % identity to 
known nitroreductases from  P. putida, and R. euthropha, but less than 11 % to 
nitroreductases from enterobacteria such as E. cloacae, E. coli, and S. 
typhymurium. A recombinant plasmid containing the pnbA gen was cloned into 
E. coli and the encoded protein showed to be a catalytically active L. plantarum 
PnbA reductase, resembling kinetic properties and inhibitor susceptibility of 
flavin reductases. This enzyme was a FMN-flavoprotein (yellow colour) that 
used both NADPH and NADH as electron donors, and it was inhibited by 
dicoumarol and DPI.  It could use a broad spectrum of electron acceptors such 
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as DCPIP, NBT, ferricyanide and quinones suggesting that its active site could 
accommodate molecules of varying size and structure as substrates. In 
contrast, it was more selective regarding the reduction of nitrocompounds, with 
only 4-nitrobenzoates being reduced which suggests a higher selectivity for two 
electron reduction of nitroaromatic groups. Moreover, L. plantarum PnbA 
reductase was not able to reduce potentially toxic pyridinium cations such as 
the herbicide paraquat and the naturally-occurring 2-methyl-β-carbolinium 
alkaloids. These compounds might generate free radicals and superoxide anion 
if reduced contributing to their toxicity (15-17, 31). 
As occur with other characterized nitroreductases, the natural substrates 
of L. plantarum nitroreductase and its physiological and/or metabolic role in 
lactic bacteria are unknown (47). Since NAD(P)H is used as an electron donor, 
it has been speculated that nitroreductases could link pyrimidine nucleotide 
oxidation to the reduction of substrates to maintain the steady supply of 
oxidized pyrimidine nucleotides. L. plantarum PnbA reductase has the ability to 
utilize a variety of electron acceptors such as quinones and other substrates; 
thus, it could remove oxidants which otherwise would be reduced to a free-
radical state and form intermediate species reacting with DNA and proteins. 
This raises the possibility that nitroreductases could somehow protect cells 
against oxidative stress and the toxic effects caused by exposure to quinones 
and/or related cellular oxidants (21, 32, 46). On the other hand, nitroreductases 
could function as specific enzymes involved in degradation pathways of 
nitrocompounds (47). In this regard, biodegradation of these compounds by 
using selective nitroreductases and microorganisms are of great interest for 
removal of environmental pollutants (45, 47). On the other hand, these 
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nitroreductases might be also of interest in the therapeutic action of 
antimicrobial and anticancer prodrugs (4, 13, 55). 
Living organisms can utilize nitroaromatic compounds which are 
metabolized by nitroreduction catalyzed by two types of nitroreductases: 
oxygen-sensitive and oxygen-insensitive  (25, 57).  Oxygen-sensitive such as 
cytochrome P-450 oxidoreductase may catalyze the one-electron reduction of 
nitro to the anion free radical which is reoxidized to the parent compounds by O2 
in a futile redox cycle producing superoxide anion. Oxygen-insensitve such as 
NAD(P)H-quinone oxidoreductase and nitroreductases of enteric bacteria (E. 
coli,  E. cloacae, Salmonella) catalyze the two-electron reduction of the nitro 
group to nitroso, hydroxylamine and/or amine derivatives (26, 39).  The 
functional PnbA from L. plantarum belongs to this latter family of 
nitroreductases and reduced p-nitrobenzoates (4-nitrobenzoates and 2,4-
dinitrobenzoate) initially to 4-nitroso compounds which were rapidly converted 
to hydroxylamino derivatives as final products (Figure 6). The enzyme was not 
able to reduce the hydroxylamine further to p-aminobenzoate. This behaviour 
agrees well with other microbial nitroreductases (39) that afford nitrosoaromatic 
as a limiting step that quickly react to give hydroxylamine products (29, 49).  
Nitroheterocyclic compounds constitute a wide range of chemicals whose 
potent biological activity has significant human health and environmental 
implications. Many nitrocompounds are well-known as potent mutagens and 
carcinogens (1, 37, 38). The biological activity of these compounds is linked to 
their reductive metabolism catalyzed by nitroreductases to hydroxylamine, 
nitroso and electrophilic species (30, 34, 51). Bacterial nitroreductases such as 
that one of L. plantarum perform two-electron reduction of nitroaromatic 
 21
compounds to hydroxylamine derivatives (6, 19, 36, 56).  They are distributed 
among different microorganisms suggesting a certain relevance within microbial 
metabolic activities (11, 47). Nevertheless, certain aspects of their catalytic 
process such as substrate specificity and reduction mechanism are not well 
understood. Thus, nitroreductases from E. cloacae (6), S. typhymurium (53),  E. 
coli (22, 46, 58), Ralstonia euthropha (49), Rhodobacter capsulatus (40, 41), 
Pseudomonas (7, 19, 27) are able to reduce a wide range of nitroaromatics 
including nitroalquilbenzenes, nitrophenols, nitrobenzoates, nitrofurazone, and 
p-nitroacetophenone, among others. Then, they appear to be relaxed on 
substrate specificity and can reduce nitrocompounds and other electron 
acceptors such as quinones (23, 36, 46). In this regard, the PnbA reductase 
from L. plantarum was selective for reduction of nitrocompounds, and only 
reduced  those with a 4-nitrobenzoate moiety such as 4-nitrobenzoate and 2,4-
dinitrobenzoate. The efficiency (V
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max/Km) for reduction  of 2,4-dinitrobenzoate 
was much higher than for 4-nitrobenzoate, whereas it was unable to reduce 
other nitrobenzoates or nitrophenols. This might suggest that this PnbA 
reductase, and perhaps other nitroreductases annotated in lactic acid bacteria 
(11, 35), may conform a class of more selective 4-nitrobenzoate 
nitroreductases. Moreover, this reductase might have similar functional 
properties in different lactic acid bacteria as it shows a high-scoring similarity 
(32-43% identity) to other putative p-nitrobenzoate reductases from lactic 
bacteria.   
In conclusion, we have cloned, expressed and characterized a novel p-
nitrobenzoate (PnbA) reductase from L. plantarum WCFS1 that was previously 
annotated on its complete genome sequence. Similar proteins seem to be 
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present in several other lactic acid bacteria.  The PnbA reductase of L. 
plantarum utilized a wide range of electron acceptors including quinones, 
DCPIP, NBT and ferricyanide but it was not able to reduce pyridinium cations 
such as paraquat and 2-methyl-β-carbolinium substances. However, it was 
selective for nitro compounds reducing only 4-nitrobenzoates (4-nitrobenzoate 
and 2,4-dinitrobenzoate) among a number of nitrocompounds assayed.  This 
PnbA nitroreductase may be distinct to other previously described bacterial 
nitroreductases because of its selectivity for 4-nitrobenzoates. This different 
selectivity could be due to that L. plantarum PnbA reductase exitibits a 23 % 
identity to nitroreductases from Psudomonas putida and R. euthropha and even 
was less identical  (< 11 %) to enterobacteria PnbA (e.g. E. cloacae, E. coli and 
S. thyphymurium.  This report is the first characterization of a nitroreductase in 
lactic acid bacteria that widely occur in foods, the environment and human 
intestinal tract, and thereby  these results might be of further interest.  
 
ACKNOWLEDGEMENTS 
The authors thank the MCINN (Spanish Government) for the support of this 
research through the grants AGL2006-02414, AGL2009-09917, and AGL2008-
01052. H. Guillén and J. A. Curiel thank CSIC and MICINN for a JAE 
predoctoral and a FPI predoctoral fellowships, respectively.  
 
REFERENCES 
1. Andre, V., C. Boissart, F. Sichel, P. Gauduchon, J. Y. LeTalaer, J. C. 
Lancelot, C. Mercier, S. Chemtob, E. Raoult, and A. Tallec. 1997. 
Mutagenicity of nitro- and amino-substituted carbazoles in Salmonella 
 23
577 
578 
579 
580 
581 
582 
583 
584 
585 
586 
587 
588 
589 
590 
591 
592 
593 
594 
595 
596 
597 
598 
599 
600 
601 
typhimurium.3. Methylated derivatives of 9H-carbazole. Mutat. Res. Genet. 
Toxicol. Environ. Mutagen. 389:247-260. 
2. Bartel, L. C., M. M. de Mecca, and J. A. Castro. 2009. Nitroreductive 
metabolic activation of some carcinogenic nitro heterocyclic food 
contaminants in rat mammary tissue cellular fractions. Food Chem. 
Toxicol. 47:140-144. 
3. Bauer, H., and S. M. Rosenthal. 1944. 4-
hydroxylaminobenzenesulfonamide, its acetyl derivatives and diazotization 
reaction. J. Am. Chem. Soc. 66:611-614. 
4. Benouchan, M., F. Do Nascimento, G. Y. Perret, and B. M. Colombo. 
2006. Delivery of the bacterial nitroreductase gene into endothelial cells 
prolongs the survival of tumour-bearing mice by bystander mechanisms. 
Int. J. Oncol. 28:457-462. 
5. Blasco, R., and F. Castillo. 1993. Characterization of a nitrophenol 
reductase from the phototrophic bacterium Rhodobacter capsulatus E1f1. 
Appl. Environ. Microbiol. 59:1774-1778. 
6. Bryant, C., and M. Deluca. 1991. Purification and characterization of an 
oxygen-insensitive NAD(P)H nitroreductase from Enterobacter cloacae. J. 
Biol. Chem. 266:4119-4125. 
7. Caballero, A., J. J. Lazaro, J. L. Ramos, and A. Esteve-Nuñez. 2005. 
PnrA, a new nitroreductase family enzyme in the TNT-degrading strain 
Pseudomonas putida JLR11. Environ. Microbiol. 7:1211-1219. 
8. Chakraborty, S., and V. Massey. 2002. Reaction of reduced flavins and 
flavoproteins with diphenyliodonium chloride. J. Biol. Chem. 277:41507-
41516. 
 24
9. Chicharro, R., S. de Castro, J. L. Reino, and V. J. Aran. 2003. Synthesis 
of tri- and tetracyclic condensed quinoxalin-2-ones fused across the C-3-N-
4 bond. Eur. J. Org. Chem. 2314-2326. 
602 
603 
604 
605 
606 
607 
608 
609 
610 
611 
612 
613 
614 
615 
616 
617 
618 
619 
620 
621 
622 
623 
624 
625 
626 
10. de las Rivas, B., J. A. Curiel, J. M. Mancheno, and R. Muñoz. 2007. 
Expression vectors for enzyme restriction and ligation-independent cloning 
for producing recombinant his-fusion proteins. Biotechnol. Prog. 23:680-
686. 
11. de Oliveira, I. M., J. A. P. Henriques, and D. Bonatto. 2007. In silico 
identification of a new group of specific bacterial and fungal 
nitroreductases-like proteins. Biochem. Biophys. Res. Commun. 355:919-
925. 
12. de Vries, M. C., E. E. Vaughan, M. Kleerebezem, and W. M. de Vos. 
2006. Lactobacillus plantarum survival, functional and potential probiotic 
properties in the human intestinal tract. Int. Dairy J. 16:1018-1028. 
13. Emptage, C. D., R. J. Knox, M. J. Danson, and D. W. Hough. 2009. 
Nitroreductase from Bacillus licheniformis: A stable enzyme for prodrug 
activation. Biochem. Pharmacol. 77:21-29. 
14. Goodwin, A., D. Kersulyte, G. Sisson, S. van Zanten, D. E. Berg, and 
P. S. Hoffman. 1998. Metronidazole resistance in Helicobacter pylori is 
due to null mutations in a gene (rdxA) that encodes an oxygen-insensitive 
NADPH nitroreductase. Mol. Microbiol. 28:383-393. 
15. Herraiz, T., H. Guillen, and V. J. Aran. 2008. Oxidative metabolism of the 
bioactive and naturally occurring β-carboline alkaloids, norharman and 
harman, by human cytochrome P450 Enzymes. Chem. Res. Toxicol. 
21:2172-2180. 
 25
16. Herraiz, T., H. Guillén, V. J. Arán, J. R. Idle, and F. J. Gonzalez. 2006. 
Comparative aromatic hydroxylation and N-demethylation of MPTP 
neurotoxin and its analogs, N-methylated β-carboline and isoquinoline 
alkaloids, by human cytochrome P450 2D6. Toxicol. Appl. Pharmacol. 
216:387-398. 
627 
628 
629 
630 
631 
632 
633 
634 
635 
636 
637 
638 
639 
640 
641 
642 
643 
644 
645 
646 
647 
648 
649 
650 
17. Herraiz, T., H. Guillen, and J. Galisteo. 2007. N-methyltetrahydro-β-
carboline analogs of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 
neurotoxin are oxidized to neurotoxic β-carbolinium cations by heme 
peroxidases. Biochem. Biophys. Res. Commun. 356:118-123. 
18. Hodnick, W. F., and A. C. Sartorelli. 1997. Measurement of dicumarol-
sensitive NADPH:(menadione cytochrome c) oxidoreductase activity 
results in an artifactual assay of DT-diaphorase in cell sonicates. Anal. 
Biochem. 252:165-168. 
19. Hughes, M. A., and P. A. Williams. 2001. Cloning and characterization of 
the pnb genes, encoding enzymes for 4-nitrobenzoate catabolism in 
Pseudomonas putida TW3. J. Bacteriol. 183:1225-1232. 
20. Iwaki, H., T. Muraki, S. Ishihara, Y. Hasegawa, K. N. Rankin, T. Sulea, 
J. Boyd, and P. C. K. Lau. 2007. Characterization of a pseudomonad 2-
nitrobenzoate nitroreductase and its catabolic pathway-associated 2-
hydroxylaminobenzoate mutase and a chemoreceptor involved in 2-
nitrobenzoate chemotaxis. J. Bacteriol. 189:3502-3514. 
21. Jaiswal, A. K. 2000. Characterization and partial purification of 
microsomal NAD(P)H : quinone oxidoreductases. Arch. Biochem. Biophys. 
375:62-68. 
 26
22. Kadiyala, V., L. J. Nadeau, and J. C. Spain. 2003. Construction of 
Escherichia coli strains for conversion of nitroacetophenones to ortho-
aminophenols. Appl. Environ. Microbiol. 69:6520-6526. 
651 
652 
653 
654 
655 
656 
657 
658 
659 
660 
661 
662 
663 
664 
665 
666 
667 
668 
669 
670 
671 
672 
673 
674 
23. Kitts, C. L., C. E. Green, R. A. Otley, M. A. Alvarez, and P. J. Unkefer. 
2000. Type I nitroreductases in soil enterobacteria reduce TNT (2,4,6-
trinitrotoluene) and RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine). Can. J. 
Microbiol. 46:278-282. 
24. Kleerebezem, M., J. Boekhorst, R. van Kranenburg, D. Molenaar, O. P. 
Kuipers, R. Leer, R. Tarchini, S. A. Peters, H. M. Sandbrink, M. Fiers, 
W. Stiekema, R. M. K. Lankhorst, P. A. Bron, S. M. Hoffer, M. N. N. 
Groot, R. Kerkhoven, M. de Vries, B. Ursing, W. M. de Vos, and R. J. 
Siezen. 2003. Complete genome sequence of Lactobacillus plantarum 
WCFS1. Proc. Natl. Acad. Sci. U. S. A. 100:1990-1995. 
25. Kobori, T., H. Sasaki, W. C. Lee, S. Zenno, K. Saigo, M. E. P. Murphy, 
and M. Tanokura. 2001. Structure and site-directed mutagenesis of a 
flavoprotein from Escherichia coli that reduces nitrocompounds. Alteration 
of pyridine nucleotide binding by a single amino acid substitution. J. Biol. 
Chem. 276:2816-2823. 
26. Koder, R. L., C. A. Haynes, M. E. Rodgers, D. W. Rodgers, and A. F. 
Miller. 2002. Flavin thermodynamics explain the oxygen insensitivity of 
enteric nitroreductases. Biochemistry 41:14197-14205. 
27. Lee, B. U., S. C. Park, Y. S. Cho, H. Y. Kahng, and K. H. Oh. 2008. 
Expression and characterization of the TNT nitroreductase of 
Pseudomonas sp HK-6 in Escherichia coli. Curr. Microbiol. 56:386-390. 
 27
28. Lei, B. F., M. Y. Liu, S. Q. Huang, and S. C. Tu. 1994. Vibrio harveyi 
NADPH-flavin oxidoreductase: cloning, sequencing and overexpression of 
the gene and purification and characterization of the cloned enzyme. J. 
Bacteriol. 176:3552-3558. 
675 
676 
677 
678 
679 
680 
681 
682 
683 
684 
685 
686 
687 
688 
689 
690 
691 
692 
693 
694 
695 
696 
697 
698 
29. Leskovac, V., J. Svircevic, S. Trivic, M. Popovic, and M. Radulovic. 
1989. Reduction of aryl nitroso-compounds by pyridine and flavin 
coenzymes. Int. J. Biochem. 21:825-834. 
30. Letelier, M. E., P. Iquierdo, L. Godoy, A. M. Lepe, and M. Faundez. 
2004. Liver microsomal biotransformation of nitro-aryl drugs: Mechanism 
for potential oxidative stress induction. J. Appl. Toxicol. 24:519-525. 
31. Liochev, S. I., A. Hausladen, W. F. Beyer, and I. Fridovich. 1994. 
NADPH-ferredoxin oxidoreductase acts as a paraquat diaphorase and is a 
member of the soxRS regulon. Proc. Natl. Acad. Sci. U. S. A. 91:1328-
1331. 
32. Liochev, S. I., A. Hausladen, and I. Fridovich. 1999. Nitroreductase A is 
regulated as a member of the soxRS regulon of Escherichia coli. Proc. 
Natl. Acad. Sci. U. S. A. 96:3537-3539. 
33. Liu, G. F., J. T. Zhou, R. F. Jin, M. Zhou, J. Wang, H. Lu, and Y. Y. Qu. 
2008. Enhancing survival of Escherichia coli by expression of 
azoreductase AZR possessing quinone reductase activity. Appl. Microbiol. 
Biotechnol. 80:409-416. 
34. Maeda, T., R. Nakamura, K. Kadokami, and H. I. Ogawa. 2007. 
Relationship between mutagenicity and reactivity or biodegradability for 
nitroaromatic compounds. Environ. Toxicol. Chem. 26:237-241. 
 28
35. Makarova, K., A. Slesarev, Y. Wolf, A. Sorokin, B. Mirkin, E. Koonin, A. 
Pavlov, N. Pavlova, V. Karamychev, N. Polouchine, V. Shakhova, I. 
Grigoriev, Y. Lou, D. Rohksar, S. Lucas, K. Huang, D. M. Goodstein, T. 
Hawkins, V. Plengvidhya, D. Welker, J. Hughes, Y. Goh, A. Benson, K. 
Baldwin, J. H. Lee, I. Diaz-Muniz, B. Dosti, V. Smeianov, W. Wechter, 
R. Barabote, G. Lorca, E. Altermann, R. Barrangou, B. Ganesan, Y. 
Xie, H. Rawsthorne, D. Tamir, C. Parker, F. Breidt, J. Broadbent, R. 
Hutkins, D. O'Sullivan, J. Steele, G. Unlu, M. Saier, T. Klaenhammer, 
P. Richardson, S. Kozyavkin, B. Weimer, and D. Mills. 2006. 
Comparative genomics of the lactic acid bacteria. Proc. Natl. Acad. Sci. U. 
S. A. 103:15611-15616. 
699 
700 
701 
702 
703 
704 
705 
706 
707 
708 
709 
710 
711 
712 
713 
714 
715 
716 
717 
718 
719 
720 
721 
722 
723 
36. Nivinskas, H., S. Staskeviciene, J. Sarlauskas, R. L. Koder, A. F. 
Miller, and N. Cenas. 2002. Two-electron reduction of quinones by 
Enterobacter cloacae NAD(P)H : nitroreductase: quantitative structure-
activity relationships. Arch. Biochem. Biophys. 403:249-258. 
37. Ostergaard, T. G., L. H. Hansen, M. L. Binderup, A. Norman, and S. J. 
Sorensen. 2007. The cda GenoTox assay: A new and sensitive method 
for detection of environmental genotoxins, including nitroarenes and 
aromatic amines. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 631:77-
84. 
38. Padda, R. S., C. Y. Wang, J. B. Hughes, R. Kutty, and G. N. Bennett. 
2003. Mutagenicity of nitroaromatic degradation compounds. Environ. 
Toxicol. Chem. 22:2293-2297. 
39. Peres, C. M., R. Russ, H. Lenke, and S. N. Agathos. 2001. 
Biodegradation of 4-nitrobenzoate, 4-aminobenzoate and their mixtures: 
 29
724 
725 
726 
727 
728 
729 
730 
731 
732 
733 
734 
735 
736 
737 
738 
739 
740 
741 
742 
743 
744 
745 
746 
747 
748 
new strains, unusual metabolites and insights into pathway regulation. 
FEMS Microbiol. Ecol. 37:151-159. 
40. Perez-Reinado, E., R. Blasco, F. Castillo, C. Moreno-Vivian, and M. D. 
Roldan. 2005. Regulation and characterization of two nitroreductase 
genes, nprA and nprB, of Rhodobacter capsulatus. Appl. Environ. 
Microbiol. 71:7643-7649. 
41. Perez-Reinado, E., M. D. Roldan, F. Castillo, and C. Moreno-Vivian. 
2008. The NprA nitroreductase required for 2,4-dinitrophenol reduction in 
Rhodobacter capsulatus is a dihydropteridine reductase. Environ. 
Microbiol. 10:3174-3183. 
42. Peterson, F. J., R. P. Mason, J. Hovsepian, and J. L. Holtzman. 1979. 
Oxygen-sensitive and oxygen-insensitive nitroreduction by Escherichia coli 
and rat hepatic microsomes. J. Biol. Chem. 254:4009-4014. 
43. Pollich, M., and G. Klug. 1995. Identification and sequence analysis of 
genes involved in late steps of cobalamin (Vitamin B-12) synthesis in 
Rhodobacter capsulatus. J. Bacteriol. 177:4481-4487. 
44. Rafii, F., W. Franklin, R. H. Heflich, and C. E. Cerniglia. 1991. 
Reduction of nitroaromatic compounds by anaerobic bacteria isolated from 
the human gastrointestinal tract. Appl. Environ. Microbiol. 57:962-968. 
45. Ramos, J. L., M. M. Gonzalez-Perez, A. Caballero, and P. van Dillewijn. 
2005. Bioremediation of polynitrated aromatic compounds: plants and 
microbes put up a fight. Curr. Opin. Biotechnol. 16:275-281. 
46. Rau, J., and A. Stolz. 2003. Oxygen-insensitive nitroreductases NfsA and 
NfsB of Escherichia coli function under anaerobic conditions as lawsone-
dependent azo reductases. Appl. Environ. Microbiol. 69:3448-3455. 
 30
47. Roldan, M., E. Perez-Reinado, F. Castillo, and C. Moreno-Vivian. 2008. 
Reduction of polynitroaromatic compounds: the bacterial nitroreductases. 
FEMS Microbiol. Rev. 32:474-500. 
749 
750 
751 
752 
753 
754 
755 
756 
757 
758 
759 
760 
761 
762 
763 
764 
765 
766 
767 
768 
769 
770 
771 
772 
773 
48. Sambrook, J., E. F. Fritsch, and T. Manitatis. 1989. Molecular cloning: A 
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor, New York, NY. 
49. Schenzle, A., H. Lenke, J. C. Spain, and H. J. Knackmuss. 1999. 
Chemoselective nitro group reduction and reductive dechlorination initiate 
degradation of 2-chloro-5-nitrophenol by Ralstonia eutropha JMP134. 
Appl. Environ. Microbiol. 65:2317-2323. 
50. Sies, H., and H. Degroot. 1992. Role of reactive oxygen species in cell 
toxicity. Toxicol. Lett. 64-5:547-551. 
51. Silvers, K. J., L. H. Couch, E. A. Rorke, and P. C. Howard. 1997. Role 
of nitroreductases but not cytochromes P450 in the metabolic activation of 
1-nitropyrene in the HepG2 human hepatoblastoma cell line. Biochem. 
Pharmacol. 54:927-936. 
52. Spain, J. C. 1995. Biodegradation of nitroaromatic compounds. Annu. 
Rev. Microbiol. 49:523-555. 
53. Watanabe, M., T. Nishino, K. Takio, T. Sofuni, and T. Nohmi. 1998. 
Purification and characterization of wild-type and mutant "Classical" 
nitroreductases of Salmonella typhimurium  L33R mutation greatly 
diminishes binding of FMN to the nitroreductase of S. typhimurium. J. Biol. 
Chem. 273:23922-23928. 
54. White, C. L., T. Menghistu, K. R. Twigger, P. F. Searle, S. A. Bhide, R. 
G. Vile, A. A. Melcher, H. S. Pandha, and K. J. Harrington. 2008. 
 31
774 
775 
776 
777 
778 
779 
780 
781 
782 
783 
784 
785 
786 
787 
788 
789 
790 
791 
792 
793 
794 
Escherichia coli nitroreductase plus CB1954 enhances the effect of 
radiotherapy in vitro and in vivo. Gene Ther. 15:424-433. 
55. Wilkinson, S. R., M. C. Taylor, D. Horn, J. M. Kelly, and I. Cheeseman. 
2008. A mechanism for cross-resistance to nifurtimox and benznidazole in 
trypanosomes. Proc. Natl. Acad. Sci. U. S. A. 105:5022-5027. 
56. Yabannavar, A. V., and G. J. Zylstra. 1995. Cloning and characterization 
of the genes for p-nitrobenzoate degradation from Pseudomonas pickettii 
YH105. Appl. Environ. Microbiol. 61:4284-4290. 
57. Ye, J., A. Singh, and O. P. Ward. 2004. Biodegradation of nitroaromatics 
and other nitrogen-containing xenobiotics. World J. Microbiol. Biotechnol. 
20:117-135. 
58. Zenno, S., H. Koike, A. N. Kumar, R. Jayaraman, M. Tanokura, and K. 
Saigo. 1996. Biochemical characterization of NfsA, the Escherichia coli 
major nitroreductase exhibiting a high amino acid sequence homology to 
Frp, a Vibrio harveyi flavin oxidoreductase. J. Bacteriol. 178:4508-4514. 
59. Zenno, S., H. Koike, M. Tanokura, and K. Saigo. 1996. Gene cloning, 
purification, and characterization of NfsB, a minor oxygen-insensitive 
nitroreductase from Escherichia coli, similar in biochemical properties to 
FRase I, the major flavin reductase in Vibrio fischeri. J. Biochem. (Tokyo) 
120:736-744. 
 
 32
795 
796 
797 
Table 1. Reduction rates (μmol of substrate/min mg PnbA protein) of several 
electron acceptors by PnbA reductase from Lactobacillus plantarum WCFS1.  
 
Electron acceptor v (μmol/min mg protein)1
DCPIP 6.6 ± 0.065 
Cytochrome C 0.2 ± 0.03 
Cytochrome C/menadione 1.51 ± 0.05 
Ferricyanide 158 ± 1.4 
NBT 1.9 ± 0.09 
798 
799 
800 
 
1v ± SD. Assays were carried out as indicated in experimental and performed at least in 
triplicate. 
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Table 2. Activity of PnbA reductase from L. plantarum WCFS1 strain with 
different nitrocompounds, pyridinium cations and quinones as substrates. 
 
Substrate v (μmol NADPH/min mg prot)1
1,4-benzoquinone 12.3 ± 3.0 
Menadione  2.26 ± 0.24 
4-nitrobenzoic acid 2.92 ± 0.8 
2,4-dinitrobenzoic acid 36.1 ± 6.1 
2-nitrobenzoic acid ND 
3-nitrobenzoic acid ND 
2-hydroxy-3,5-dinitrobenzoic acid ND 
2,4-dinitrophenol ND 
2,4,6-trinitrophenol (picric acid) ND 
2-amino-4-nitrophenol ND 
Nitrobenzene ND 
5-nitroindazole ND 
4-nitropheny-β-D-glucopiranoside ND 
N-(2-nitrophenyl)proline ND 
N-(2-nitrophenyl)pipecolic acid ND 
N-(2,4-dinitrophenyl)glycine ND 
N-(2-nitrophenyl)glycine ND 
1,1-dimethyl-1,4-bypyridyl ND 
2-methyl-norharman ND 
2-methyl-harman ND 
804 
805 
806 
807 
808 
809 
810 
811 
812 
813 
 
1The enzymatic activity (v ± SD) was measured as indicated in Experimental section in 
presence of enzyme (1-5 μg/ml, 300 μM NADPH, and 100 μM substrate with the exception of 
menadione and 2,4-dinitrophenol that were assayed at 50 μM to avoid signal saturation. The 
rate was measured as the decrease of NAPDH (340 nm) in the first 1-2 min reaction at room 
temperature and the NADPH reduction in absence of substrate was substracted. ND, not 
detectable activity. 
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Table 3. Kinetic parameters (Vmax and Km) of the reduction of 4-nitrobenzoic 
acid and 2,4-dinitrobenzoic acid by L. plantarum PnbA reductase.  
 
Substrate Km (μM) ± SE        Vmax ± SE 
(μmol/min mg protein) 
Vmax/Km (l min-1 
mg prot-1) 
4-nitrobenzoic acid 536 ± 102 15.1 ± 1.6 0.028 
2,4-dinitrobenzoic 
acid 
16.69 ± 6.4 35.5 ± 1.99 2.13 
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FIGURE CAPTIONS 
 
Figure 1. Comparison of PnbA reductase from L. plantarum WCFS1 (LPL) 
(accession CAD62742) and well-known PnbA reductase from P. putida (PPU) 
(AAG01540), R. euthropha (REU) (YP_297809), and E. cloacae (ECO) 
(Q01234). The ClustalW program was used to compare sequences. Conserved 
residues of the nitroreductase family (Pfam 00881) are indicated (●). Residues 
that are identical (*), conserved (: ), or semiconserved (. )  in all sequences of 
the alignement are also indicated. Dashes represents gaps introduced to 
maximize similarities.    
 
Figure 2. SDS-PAGE analysis showing the PnbA expression and PnbA 
purification from L. plantarum WCFS1 strain. Lanes: 1, soluble extract from E. 
Coli JM109 (pURI3) cells; 2, extract from E.coli JM109 (pURI3-PnbA); 3, extract 
from E.coli JM109 (pURI3-PnbA) not retained on the affinity His-Trap FF 
column; 4, purified PnbA reductase protein retained on the affinity column and 
eluted on 125 mM imidazole buffer. SDS-polyacrylamide gels were stained with 
Coomassie blue. The position of some molecular mass markers (Bio-Rad) are 
indicated on the letf. 
 
Figure 3. Absorption spectra of the purified flavoprotein PnbA from L. plantarum 
WCFS1 (a), and loss of the FMN bands following reduction with an excess of 
sodium dithionite (b).   
 
Figure 4. HPLC-MS (ESI) analysis of the reaction media of 4-nitrobenzoic acid  
(280 nm) (a), and 2,4-dinitrobenzoic acid (243 nm) (b) reduction with L. 
plantarum PnbA reductase. Electrospray spectra of in negative ion mode of the 
corresponding hydroxylamine products are given.  Reaction media in 100 mM 
phosphate buffer pH 7.4, contained substrate (100 μM) NADPH (500 μM), PnbA 
reductase (5 μg/ml) and were incubated at room temperature and reaction 
stopped as indicated in Experimental.  
 
Figure  5. Michaelis-Menten curves of the enzymatic reduction of 4-nitrobenzoic 
acid (a) and 2,4-dinitrobenzoic acid (b)  by PnbA reductase of L. plantarum.  
 36
851 
852 
853 
854 
855 
856 
857 
858 
859 
860 
861 
Reaction media contained 4-nitrobenzoic acid or 2,4-dinitrobenzoic acid  in 100 
mM phosphate buffer pH 7.4, NADPH (500 μM), and PnbA reductase (0.25 
μg/ml for 2,4-dinitrobenzoic acid and 2 μg/ml for 4-nitrobenzoic acid). Reaction 
was performed at room temperature for 3 min. Velocity (v)  is given as μmol of 
corresponding hydroxylamine product RNHOH/min mg of PnbA reductase. 
 
Figure 6. Selective reduction of 4-nitrobenzoic acid compounds to nitroso and 
hydroxylamino derivatives by PnbA reductase from the lactic acid bacterium L. 
plantarum WCFS1.  
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REU  -----MKVSQAVESRKSVRGFLP-NPIDPDTIRRVLAAAARAPSGGNLQPWHIHVVGGEA 54 
LPL  -----METIKAIHTRHSVRAFKD-DPIEPQLLTMIVTDAQQTPSWGNSQPWQVYIATGHA 54 
ECL  -----MDIISVALKRHSTKAFDASKKLTAEEAEKIKTLLQYSPSSTNSQPWHFIVASTE- 54 
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